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Abstract Analysis of the binding of cholera toxin to ganglioside
GM1 in both living and fixed neurons, and comparison with the
distribution of defined axonal and dendritic proteins, demon-
strates that ganglioside GM1 is distributed in a non-polarized
manner over the axonal and dendritic plasma membranes of
mature, cultured hippocampal neurons. Likewise, ganglioside
GD1b is also distributed in a non-polarized manner. These results
suggest that a recent report [Ledesma, M.D. et al. EMBO J. 18
(1999) 1761^1771] proposing that ganglioside GM1 is highly
enriched on the axonal versus dendritic membrane of hippocam-
pal neurons may need to be re-evaluated.
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1. Introduction
The sialic acid containing glycosphingolipids (GSLs), the
gangliosides, are enriched in neuronal tissues, where they
have been proposed to play a number of important roles
[1]. Biochemical and immunohistochemical analyses have
demonstrated that gangliosides are distributed throughout
the embryonic and adult brain, although speci¢c gangliosides
are restricted to speci¢c neuronal cell populations at di¡erent
stages of development [2,3] ; this presumably re£ects one or
other aspect of their function in particular neurons. In con-
trast, there is less evidence that gangliosides are restricted to
speci¢c neuronal membrane domains, i.e. axons or dendrites.
Three gangliosides (GD3, GD1K and GM1b) have been re-
ported to be restricted to Purkinje cell dendrites (reviewed in
[3]), and until recently, there was no evidence that any gan-
glioside is restricted to the axonal membrane of any neuronal
cell. However, a recent study [4] proposed that ganglioside
GM1 is highly enriched in the axonal compared to the den-
dritic membrane of mature, cultured hippocampal neurons.
This suggestion was based on analysis of the binding of a
£uorescent derivative of cholera toxin (CT), which binds
with high a⁄nity to ganglioside GM1, to young and mature
neurons. Since previous studies have not observed a preferen-
tial localization of ganglioside GM1 to axons [5], we have re-
examined CT binding to both living and ¢xed [6] neurons. In
contrast to the recent report [4], we ¢nd no evidence that
ganglioside GM1 is distributed in a polarized fashion in ma-
ture, cultured hippocampal neurons.
2. Materials and methods
Hippocampal neurons were cultured on glass coverslips suspended
over a glial monolayer, as described [7^10].
The distribution of GM1 was determined using a £uorescent-deriv-
ative of CT, Bodipy-CT, prepared by conjugation of CT (Calbiochem,
La Jolla, CA, USA) with Bodipy succinimidyl ester (Molecular
Probes, Eugene, OR, USA), according to the manufacturer’s instruc-
tions. Neurons (plated at a density of 6000 cells/13 mm coverslip) in
Hanks’ balanced salt solution (HBSS) were incubated with 10 nM
Bodipy-CT (dissolved in 10 mM HEPES pH 7.4, containing 0.1%
(w/v) bovine serum albumin (BSA)), at 13^16‡C for 30 min [5,11]
and immediately examined using either a Plan Neo£uar 40U/1.3
n.a. or a Neo£uar 100U/1.3 n.a. oil objective of a Zeiss Axiovert
35 microscope equipped with a ¢lter for Bodipy £uorescence and
photographed using a Contax 167MT camera and Kodak Tmax
p3200 ¢lm. Alternatively, neurons in HBSS were incubated with Bod-
ipy-CT (25 nM, in 0.1% (w/v) BSA, 10 mM HEPES pH 7.4) for 1^2
min on ice, prior to ¢xation and permeabilization with methanol
(320‡C, 5 min) [4]. Neurons were subsequently incubated with 3%
(w/v) BSA in HBSS and then incubated for 1 h at 25‡C with an anti-
MAP-2 antibody (1:200) (a dendritic protein [12]), or with an anti-
GAP 43 antibody (1:1000) (an axonal protein [13]). An indocarbo-
cyanine (Cy3) conjugated goat anti-mouse antibody (Jackson Immu-
noresearch Laboratories) was used for detection.
CT was iodinated as described [14] to a speci¢c activity of 57 Ci/
mmol. Neurons (25 000 cells/13 mm coverslip) were incubated with
125I-CT (10 nM, 16‡C, 30 min), and after washing, coverslips were
placed in vials and the amount of bound 125I-CT determined using a
Q-counter.
Bodipy-CT binding to neurons was quanti¢ed as follows: Neurons
(plated at a density of 1000^2000 cells/cm2) were incubated with Bod-
ipy-CT (10 min, 37‡C) in recording medium (phenol red-free, ribo£a-
vin-free minimal essential medium, supplemented with glucose
(30 WM), pyruvate (1 mM), kynurenic acid (500 WM), trolox
(20 WM), and N-acetylcysteine (60 WM)), rinsed brie£y and sealed
into a microscope chamber with fresh recording medium. Living cells
were imaged at room temperature on a Leica DM-RXA microscope
equipped with a 40U/1.0 n.a. Plan Apo oil objective. Cells were se-
lected for analysis using phase contrast microscopy to prevent photo-
bleaching. Fluorescence images were acquired with a Princeton Instru-
ments chilled CCD camera with a Sony interline chip (2 s exposure)
and stored for o¥ine analysis. Images were mathematically corrected
for uneven illumination and background £uorescence using Meta-
morph software (Universal Imaging). Isolated segments of axons or
dendrites were selected, traced and the average pixel value was meas-
ured for each segment. Isolated dendrites were identi¢ed by the ab-
sence of axons continuing past their tips.
The distribution of ganglioside GD1b was examined using mono-
clonal antibody B17 (provided by Dr. Israel Pecht, Department of
Immunology, Weizmann Institute of Science), which binds speci¢cally
to GD1b [15], as described [6,8]. Living cells were incubated with B17
(1:100 dilution, 20 min, 37‡C), ¢xed in formaldehyde (4% (w/v), 37‡C
for 20 min) and detected using a Cy3 conjugated goat anti-mouse
antibody.
3. Results
The localization of ganglioside GM1 was initially examined
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Fig. 1. The distribution of Bodipy-CT on the surface of living hippocampal neurons. After incubation with Bodipy-CT, 10 day old neurons
were immediately examined using either a 40U (A^D) or a 100U (E and F) objective. The left-hand panels are phase contrast micrographs,
and the right-hand panels are immuno£uorescence micrographs. In panels A^D, axons are indicated by arrowheads, and dendrites by arrows.
Panels E and F show the same cell as in panels C and D, but at higher magni¢cation, in which both dendritic ¢lopodia and somatic ¢lopodia
(indicated by arrows) can be resolved; Bodipy-CT labeling is observed on these structures. Bar = 10 Wm.
Table 1
E¡ect of ¢xation methods on 125I-CT binding to neurons
Fixation method 125I-CT bound per coverslip (cpm)
Un¢xed 16 883 þ 2 374
Methanol (320‡C for 5 min) 10 079 þ 2 250
Formaldehyde (37‡C for 20 min) 10 046 þ 783
Formaldehyde and methanol 10 557 þ 740
Formaldehyde and Triton X-100 (0.25%, 37‡C, 5 min) 3 177 þ 560
Living neurons were incubated for 30 min at 13^16‡C with 10 nM 125I-CT, prior to ¢xation by the indicated methods and analysis of 125I-CT
binding.
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in living hippocampal neurons (i.e. neurons that had not been
¢xed) under conditions in which no endocytosis occurs [5]. In
10 day old neurons, Bodipy-CT labeled both the short, thick
processes (identi¢ed as dendrites, see below) and also the long,
thin processes (identi¢ed as axons, see below) (Fig. 1A^D)
and in no cases were neurons observed in which only a subset
of processes was labeled; similar results were obtained with
11^14 day old neurons. Occasionally, a GM1-negative cell was
observed. In some cells, dendritic ¢lopodia appeared to be
labeled when neurons were examined at low magni¢cation
(using a 40U objective, Fig. 1C,D), which was clearly appar-
ent at higher magni¢cation (100U objective, Fig. 1E,F). This
excludes the possibility that the dendritic labeling is actually
due to axons which run in close apposition to dendrites, as is
sometimes observed when examining the distribution of axo-
nal proteins [9]. Moreover, small ¢lopodia on the soma were
also labeled by Bodipy-CT (Fig. 1E,F).
To unambiguously con¢rm the identity of the processes as
either axons or dendrites, the distribution of the axonal
marker protein, GAP 43 [13], and the dendritic marker pro-
tein, MAP-2 [12], was examined subsequent to labeling with
Bodipy-CT under similar conditions to those used by Ledes-
ma et al. [4]. MAP-2 was detected in a subset of processes,
corresponding to dendrites (Fig. 2A,B), whereas Bodipy-CT
labeled all processes, including those labeled by MAP-2 (com-
pare Fig. 2B,C). Likewise, GAP 43 was detected in a subset of
processes, corresponding to axons (Fig. 2D,E), whereas Bod-
ipy-CT labeled all processes (compare Fig. 2E,F). The ’dotty/
Fig. 2. Comparison of the distribution of GM1 with dendritic and axonal marker proteins. Neurons were labeled with Bodipy-CT (C and F)
on ice, followed by incubation with either anti-MAP-2 (B) or anti-GAP 43 (E) antibodies. Panels A and D are phase contrast micrographs and
panels B, C, E and F are immuno£uorescence micrographs. Axons are indicated by arrowheads, and dendrites by arrows. MAP-2 is localized
to dendrites, and GAP 43 to axons, whereas Bodipy-CT binds to all processes (see text for more details). Bar = 10 Wm.
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speckled’ appearance of the labeled processes appears to be a
result of either the ¢xation/permeabilization protocol (metha-
nol, 320‡C for 5 min) since analysis of both MAP-2 and GAP
43 labeling under di¡erent ¢xation conditions [9,16] did not
give this labeling pattern, or of the low temperature used for
Bodipy-CT binding since a similar pattern was not observed
upon Bodipy-CT labeling to living neurons (Fig. 1A^D). A
reduction in the £uorescence intensity of Bodipy-CT was con-
sistently observed in neurons ¢xed with methanol compared
to those examined alive. This was quanti¢ed by analyzing the
amount of 125I-CT [5] bound to hippocampal neurons after
various ¢xation protocols; a signi¢cant reduction in binding
was observed after all ¢xation methods (Table 1). Thus, as
previously demonstrated [6], commonly used ¢xatives and per-
meabilizing agents can signi¢cantly reduce the amount of cell-
surface gangliosides, presumably by extracting them from the
membrane.
The density of Bodipy-CT binding to axons and dendrites
was quanti¢ed from images of living neurons. In two experi-
ments, no evidence was obtained for preferential distribution
of Bodipy-CT binding to axons. In contrast, a slight enrich-
ment was observed over the dendritic surface (Table 2).
Finally, the distribution of a ’b-series’ ganglioside, GD1b,
was examined in 10 day old neurons using an anti-GD1b
antibody [15]. Similar to younger neurons [8], GD1b was de-
tected on both axons and dendrites (Fig. 3A,B).
4. Discussion
The suggestion that GSLs (including gangliosides) are en-
riched on the axonal membrane was ¢rst raised based on
comparative studies between epithelia and neurons [17]. In
epithelia, GSLs are enriched on the apical compared to the
basolateral membrane, a similar polarized distribution was
suggested for neurons, with the axonal membrane considered
analogous to the apical membrane of epithelia and the den-
dritic membrane analogous to the basolateral membrane [18].
However, it is now clear that there are many exceptions to this
suggestion [19], in particular with respect to apical proteins,
which when expressed or detected in neurons, are often found
equally distributed between dendrites and axons [20]. This
also appears to be the case for gangliosides GM1 and
GD1b, which although enriched in the apical domain of epi-
thelia (at least in the case of GM1 [21]), are uniformly dis-
tributed over the axonal and dendritic surface of cultured
hippocampal neurons (this study).
The di¡erences in the distribution of GM1 observed in the
current study and in that of Ledesma et al. [4] could be due to
a number of reasons. (a) The conditions for CT binding used
by Ledesma et al. [4] involve very short times of incubation
(1^2 min on ice) with a relatively high concentration of CT,
whereas in the current study, longer times of incubation were
used with lower concentrations of CT. It is likely that Ledes-
ma et al. [4] were examining CT binding under non-equi-
librium conditions. (b) The apparent distribution of ganglio-
sides can be altered depending on ¢xation conditions [6].
Indeed, we observed a signi¢cant reduction in the amount
of membrane-bound 125I-CT with the ¢xation conditions
used by Ledesma et al. [4], compared to un¢xed cells. (c) In
the current study, it is possible to unambiguously distinguish
axons from dendrites, both by phase contrast microscopy and
also by the use of speci¢c axonal and dendritic marker pro-
teins. Although Ledesma et al. [4] suggest that 89% of GM1 is
present in axons, little detail is given of how this analysis was
performed. In contrast, we observe a small enrichment of CT
Table 2
Quanti¢cation of Bodipy-CT binding to axons and dendrites
Bodipy-CT binding (arbitrary
£uorescence units/pixel)
Ratio dendrites/axons
Axons Dendrites
Experiment 1 176.3 þ 5.6 (11) 338.0 þ 15.5 (7) 1.9
Experiment 2 355.5 þ 12.0 (8) 483.8 þ 11.6 (7) 1.4
Values represent the mean þ S.E.M. of average pixel values for measured segments from 14 cells (selected from two separate cultures). Only iso-
lated segments of dendrites or axons were measured. The number of processes measured is indicated in parentheses. Total length of neurites an-
alyzed was 840 Wm for dendrites and 1120 Wm for axons.
Fig. 3. The distribution of ganglioside GD1b. 10 day old neurons
were incubated with an anti-GD1b antibody and examined by phase
contrast (A) or £uorescence microscopy (B). Axons are indicated by
arrowheads, and dendrites by arrows. Bar = 10 Wm.
FEBS 22589 8-9-99
H. Shogomori et al./FEBS Letters 458 (1999) 107^111110
binding on dendrites. Based on the current and on earlier
studies in somewhat less mature neurons [5], we conclude
that GM1 is not polarized to axons but rather distributed
over the axonal and dendritic surfaces, as appears to be the
case for many other gangliosides [3] and GSLs, including
ganglioside GD1b.
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